Building on our previous report that osteoblasts and increased bone formation have a negative impact on myeloma cell growth in a subset of patients, we investigated the role of decorin, the main small leucine-rich proteoglycan (SLRP) expressed and produced by osteoblasts, in the antimyeloma effects of osteoblasts. In coculture experiments with osteoblasts, primary myeloma cell survival was significantly higher when decorin expression in 
Introduction
Changes in the cellular balance of the tumor microenvironment play critical roles in survival and proliferation of malignant cells, as well as in their escape from immunosurveillance and in metastasis development. In multiple myeloma, malignant plasma cells typically disseminate in the bone marrow through stimulation of osteoclastogenesis 1 and angiogenesis 2 and through suppression of osteoblastogenesis. 1 Mounting evidence suggests that, although osteoclasts promote myeloma cell growth, 3, 4 bone-building osteoblasts have an inhibitory effect on the growth of myeloma cells in a subset of patients. 5 Although much effort has been directed to identifying and validating the supportive roles of certain cytokines and extracellular matrix factors in myelomagenesis, 6 little is known about potential endogenous myeloma inhibitory factors produced by cells such as osteoblasts.
Mesenchymal stem cells (MSCs) have long been known to promote myeloma cell survival, at least in an in vitro setting, through production of growth factors and direct cell-cell contact. 7, 8 In contrast to MSCs, mature osteoblasts produce higher levels of factors necessary for building bone, including various collagens and proteoglycans. 9 We hypothesized that, as certain extracellular components associated with the bone matrix may inhibit myeloma cell growth, increasing the activity of osteoblasts in myelomatous bone could shift the balance between myeloma growth-promoting and growth-inhibiting factors, resulting in impaired tumor growth.
Small leucine-rich proteoglycans (SLRPs), a group of secreted markers, are up-regulated in differentiating osteoblasts and implicated in the regulation of organic matrix assembly, remodeling of osteoid, and mineral deposition. [10] [11] [12] Although no specific SLRP receptors have been identified, an SLRP such as decorin has been shown to bind to epidermal growth factor receptor (EGFR), 13, 14 insulin-like growth factor 1 receptor (IGF-1R), 15 and the lowdensity lipoprotein receptor-related protein. 16 Decorin, 13, [17] [18] [19] [20] lumican, 21, 22 and biglycan 23 have been shown to suppress tumor cell growth, suggesting that they could be part of the mechanism by which osteoblasts attenuate myeloma cell growth. These SLRPs have often been detected in the malignant extracellular matrix as part of the host defense mechanism against tumor invasion, 24 but their expression levels in certain malignancies have been negatively associated with progression stage. 25 Decorin, the most intensively studied SLRP, has been shown to inhibit tumor growth through up-regulation of the cell-cycle inhibitor p21 WAF , 17 binding to and sequestering of transforming growth factor-␤ (TGF-␤), 26, 27 and binding to and degrading of EGFR on tumor cells, 20, 28, 29 as well as suppression of angiogenesis. 30, 31 Decorin core protein was sufficient to exert most of its antitumor activities. We therefore initially focused our investigation on the role of decorin in the antimyeloma effects of osteoblasts.
from Lonza Walkersville (Walkersville, MD). Cells in the bone marrow samples were separated by density centrifugation with Ficoll-Paque (specific gravity, 1.077 g/mL; GE Healthcare Bio-Sciences, Little Chalfont, United Kingdom), and the proportions of myeloma plasma cells in the light-density cell fractions were determined by CD38/CD45 flow cytometry. CD138-expressing plasma cells were isolated as previously described. 32 To test the direct effect of decorin on tumor growth, primary myeloma cells were incubated in Cellgro COMPLETE medium (Mediatech, Herndon, VA) in serum-free conditions for the indicated times and decorin concentrations.
MSCs and osteoblasts
MSCs were prepared as previously described. 33, 34 Briefly, bone marrow mononucleate cells (2 ϫ 10 6 cells/mL) from healthy donors (n ϭ 3; Lonza Walkersville) and myeloma patients (n ϭ 3) and from human fetal bone fragments (Advanced Bioscience Resources, Alameda, CA) were cultured in Dulbecco modified Eagle medium with low glucose (DMEM-LG) supplemented with 10% fetal bovine serum (FBS) and antibiotics (MSC medium). One-half of the medium was replaced every 4 to 6 days, and adherent cells were allowed to reach 80% confluence before they were subcultured with trypsin-ethylenediaminetetraacetic acid. The adherent MSCs expressed CD166, but not CD45 and CD34. For differentiation into osteoblasts, MSCs were incubated with DMEM-LG supplemented with 10% FBS, dexamethasone (100 nM), ␤-glycerophosphate (10 mM), and ascorbate (0.05 mM) (osteoblastic medium). The MSCs formed aggregates or nodules and showed increased expression of alkaline phosphatase within 1 to 2 weeks; calcium deposition followed, together with loss of CD166 expression and increased expression of osteocalcin and bone morphogenetic protein 2. 5 Differentiation into mature osteoblasts was quantified after 3 to 4 weeks of incubation in osteoblastic medium with the use of Alizarin red staining. Global gene expression was profiled as described. 32 Myeloma cell growth was determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, and apoptotic cells were enumerated with the use of annexin V-propidium iodide (PI; Invitrogen, Carlsbad, CA) flow cytometry. 3
Myeloma MSC-osteoblast cocultures
To test the effect of decorin-overexpressing MSCs on the growth of primary myeloma cells, MSCs transduced with decorin or empty vector plasmids were cultured on the backside of 1-m filters in 24-well plates as previously described. 5 Myeloma cells (0.5 ϫ 10 6 cells/well) were cultured on the upper chamber of the filters for approximately 5 days. At the end of each experiment, myeloma cell viability was determined by trypan blue exclusion assay and cell growth by MTT assay. 5 To study the effect of decorin knockdown on myeloma cell growth in coculture with osteoblasts, untreated MSCs (mock) or MSCs transduced with lentivirus containing decorin short-hairpin RNA (shRNA) or scrambled shRNA were differentiated into osteoblasts in 96-well plates. Primary myeloma plasma cells (1.5 ϫ 10 4 cells/well in triplicate) were cultured with osteoblasts in medium lacking serum and osteoblast differentiation agents for 7 days and then subjected to MTT assay.
Osteoclasts and their precursors
Osteoclast precursors and bone-resorbing osteoclasts were prepared as previously described. 3 Briefly, mononuclear cells were obtained from peripheral blood of myeloma patients and healthy subjects and from bone marrow samples of myeloma patients. Before stimulation to generate osteoclast precursors, the bone marrow samples were depleted of plasma cells by selection with CD138-immunomagnetic beads and then cultured for 5 days to deplete adherent stromal cells. The nonadherent mononuclear blood and bone marrow cells were cultured at 2.5 ϫ 10 6 cells/mL in alpha minimum essential medium supplemented with 10% FBS, RANKL (50 ng/mL, PeproTech, Rocky Hill, NJ), macrophage colony-stimulating factor (25 ng/mL; PeproTech), and antibiotics (osteoclast medium) for 3 to 5 days, at which time the nonadherent cells were removed and the remaining adherent cells served as osteoclast precursors. 3 To test the effect on osteoclast differentiation, osteoclast precursors were incubated in osteoclast medium in the absence and the presence of decorin (5-10 g/mL) for 5 to 7 days, at which time the cultures were fixed and stained for tartrate-resistant acid phosphatase (TRAP) and the number of multinucleate TRAP-positive osteoclasts was counted as described. 3 The myeloma cell-osteoclast coculture was performed as previously described. 3 
Construction of expression vector for decorin overexpression or decorin shRNA
To overexpress decorin in myeloma cells, decorin cDNA was cloned by polymerase chain reaction (PCR) with appropriate oligonucleotide primers from the pCMV-XL5/decorin vector containing human decorin (Origene Technologies, Rockville, MD), and the fragment was inserted into the pWPI vector, obtained from the laboratory of Dr Didier Trono (Ecole Polytechnique Federale de Lausanne, Switzerland), at the restriction site PmeI.
A group of shRNA sequences for decorin was designed with the use of software available at http://jura.wi.mit.edu/bioc/siRNAext/home.php. These sequences were submitted to a BLAST search against the human genome sequence to ensure that the sequences would not target RNA in a nonspecific manner. DNA single-stranded oligonucleotide sequences were synthesized by Integrated DNA Technologies (Coralville, IA). shRNA double-stranded oligonucleotides were formed by annealing the sense and antisense oligonucleotides at 90°C for 4 minutes, 70°C for 10 minutes, and room temperature for 15 minutes; they were then cloned into the pSUPER vector (Oligoengine, Seattle, WA) at restriction sites HindIII and BglII. These recombinant vectors were subjected to further evaluation by transient transfection to osteoblast precursors that express decorin, and the one with highest gene knockdown efficiency (sense: 5Ј-GATCCCCGAGTAT-GAGTCTTCTGTAATTCAAGAGATTACAGAAGACTCATACTCTT-TTTGGAAA-3Ј and antisense: 5Ј-AGCTTTTCCAAAAAGAGTAT-GAGTCTTCTGTAATCTCTTGAATTACAGAAGACTCATACTC GGG-3Ј) was chosen and subcloned into lentiviral pLVTH vectors (Addgene, Cambridge, MA) at the enzyme restriction sites EcoRI and ClaI. A nonsense scrambled control recombinant vector (sense: 5Ј-GATCCCCGACACGC-GACTTGTACCACTTCAAGAGAGTGGTACAAGTCGCGTGTCTTT-TTGGAAA-3Ј and antisense: 5Ј-AGCTTTTCCAAAAAGACACGCGACT-TGTACCACTCTCTTGAAGTGGTACAAGTCGCGTGTC GGG-3Ј) 35 was subcloned into the pLVTH vector in the same way. The pWPI and pLVTH vectors contain cDNA for a green florescent protein marker to facilitate tracking of transduced cells.
Production, purification, and titer determination of lentiviral particles
All recombinant lentiviruses were produced by transient transfection of 293T cells according to a standard protocol. 36 Briefly, 293T cells were incubated overnight with the transfection precipitate; afterward, culture medium was replaced and incubation for an additional 2 days followed. The media of the transfected cells were harvested, centrifuged at 3000 rpm at 4°C for 15 minutes, and filtered through a 0.22-m pore size filter. The filtrate was layered on top of a 20% sucrose cushion and spun at 26 000 rpm at 4°C for 100 minutes in a Beckman ultracentrifuge using an SW28 rotor. The pelleted virus-like particles were suspended in DMEM and stored at Ϫ80°C. Titers of the virus stocks (titer units [TU]/mL) were determined by adding aliquots of virus suspension on monolayers of 293T cells or other appropriate cell types and then assessing the percentage of green florescent protein-positive cells by fluorescence-activated cell sorting (FACScan; BD Biosciences, San Jose, CA). Titers greater than 10 9 TU/mL were routinely obtained.
Lentivirus-mediated transduction of MSCs
MSCs were seeded in 24-well plates and cultured overnight before infection. For decorin overexpression, MSCs were transduced with decorinexpressing lentivirus or control empty vector; for decorin knockdown, MSCs were transduced with shRNA recombinant lentiviral particles or the control scrambled shRNA. Infection was carried out by adding the virus (MOI ϭ 3) on cells for 18 hours. The majority (Ͼ 90%) of cultured cells were successfully transduced with shRNA vectors.
Quantitative real-time polymerase chain reaction
Briefly, total cellular RNA from each sample was extracted and purified with the Qiagen RNeasy Mini Kit as described by the manufacturer (Qiagen, Valencia, CA). Total RNA (1 g) from each sample was reverse-transcribed with the SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen). The quantitative real-time polymerase chain reaction (qRT-PCR) was performed with the TaqMan gene expression assay on an ABI Prism 7000 sequence analyzer according to the manufacturer's recommended protocol (Applied Biosystems, Foster City, CA). Each reaction was run in triplicate. The comparative threshold cycle (C T ) method was used to calculate the amplification fold as specified by the manufacturer. A value of 10 ng of reverse-transcribed RNA samples was amplified by using the TaqMan Universal PCR Master Mix and TaqMan gene expression assays (ID Hs00370383_m1 for human decorin and ID HS99999905_m1 for GAPDH as an endogenous control; Applied Biosystems).
Western blotting
Cytosolic and nuclear fractions were isolated with the use of the Nuclear/ Cytosol Fractionation Kit (BioVision, Mountain View, CA). Equal amounts of lysate were separated by electrophoresis on 4% to 12% sodium dodecyl sulfate-polyacrylamide gels, and Western blotting was carried out according to the Western Breeze chemiluminescent immunodetection protocol as described by the manufacturer (Invitrogen). The following primary antibodies were used: antidecorin (R&D Systems, Minneapolis, MN), anti-p21 WAF (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-␤-tubulin (Zymed Laboratories, South San Francisco, CA).
Immunohistochemistry
To reduce variability between assays, untreated and manipulated MSCs or osteoblasts were cultured in the same chamber slides and were similarly processed for immunohistochemical staining. MSCs or osteoblasts grown in chamber slides were fixed with HistoChoice (Amresco, Solon, OH) for 20 minutes, thoroughly washed, and incubated in citrate buffer in a water bath (80°C, 30 minutes) for antigen retrieval. After peroxidase quenching with 3% hydrogen peroxide for 10 minutes, the slides were incubated with monoclonal antibodies against human decorin or control IgG (0.5 g/mL; R&D Systems) for 60 minutes. The assays were completed with the use of the immunoperoxidase kit from Dako North America (Carpinteria, CA), with counterstaining with hematoxylin. An Olympus BH2 microscope (Olympus, Melville, NY) equipped with a 160ϫ/0.17 numeric aperture objective was used to obtain images with a SPOT 2 digital camera (Diagnostic Instruments, Sterling Heights, MI). Adobe Photoshop version 10 (Adobe Systems, San Jose, CA) was used to process the images.
Tube-formation assay
BD Matrigel growth factor-reduced basement membrane matrix (BD Biosciences) was diluted on ice with DMEM (1:2 dilution factor), poured onto 96-well plates (100 L/well), and incubated at 37°C for 30 minutes. The plates were washed with phosphate-buffered saline and stored at 4°C until the assay was performed. Human umbilical vein endothelial cells (HUVECs; ATCC, Manassas, VA) were cultured in Clonetics EBM-2 medium (Lonza Walkersville) supplemented with a cocktail of growth factors according to the manufacturer's instructions. For tube-formation assay, HUVECs were trypsinized and seeded on Matrigel-containing chamber slides (15 000 cells/well) with the indicated medium (100 L/well) in the absence and the presence of decorin (10 g/mL) for 3 to 4 hours. Conditioned medium collected from a 48-hour culture of primary myeloma plasma cells (1.5 ϫ 10 6 cells/mL) was used to test the effect of myeloma cells on tube formation. Tube-like structures per well were counted in triplicate with the use of an Olympus phase-contrast microscope. Images were acquired with a SPOT 2 digital camera and processed with Adobe Photoshop, version 10.
Statistical analysis
Student paired t test was used to test the effect of various conditions on myeloma cell growth. Student unpaired t test was used to test the effect of decorin on tube formation and osteoclastogenesis. Values are means plus or minus SEM.
Results

SLRPs are highly expressed and produced by osteoblasts
In our investigation of in vitro production and expression levels of certain SLRPs, total protein and mRNA were extracted from osteoblasts and their progeny MSCs. Global gene expression profiling revealed differential expression of various SLRPs and proteoglycans by osteoblasts and MSCs ( Figure 1A) . We further focused the investigation on the expression levels of decorin and lumican, 2 SLRPs implicated in bone remodeling. [10] [11] [12] Expression levels of decorin and lumican, as determined by qRT-PCR, were higher in osteoblasts than MSCs ( Figure 1B ). Western blot analysis showed that osteoblasts produced high levels of decorin core protein (molecular weight, ϳ45-48 kDa) and other fractions of these SLRPs, most likely reflecting binding of the core protein to different glycosaminoglycan chains. To confirm this assumption and the specificity of the assay, osteoblast lysate was digested with chondroitinase-ABC before being submitted for Western blotting for decorin. Indeed, the enzymatic digestion resulted in the detection of the core protein only ( Figure 1D ). We also looked for the presence of decorin in conditioned media of osteoblasts and MSCs grown in the absence of serum for 48 hours. This investigation showed that osteoblasts, but not MSCs, secreted a high level of decorin into cultured medium ( Figure 1E ). Our data also showed that, whereas normal plasma cells expressed decorin, osteoclasts and myeloma cells did not express this SLRP ( Figure 1F ). Taken together, these results indicate that osteoblasts produce and secrete high levels of SLRPs, including decorin.
Blocking decorin expression or activity reduces the antimyeloma effects of osteoblasts
To test whether decorin was involved in the antimyeloma effects of osteoblasts, we used 2 functional assays. In the first approach, osteoblasts were prepared from unmanipulated MSCs (mock) and MSCs containing lentivirus expressing decorin shRNA or scrambled shRNA, and then cocultured them with myeloma cells from 4 patients. Decorin shRNA reduced decorin expression in differentiated osteoblasts by greater than 75% as determined by qRT-PCR and confirmed by immunohistochemical staining for decorin (Figure 2) . Knockdown of decorin in MSCs had no effect on differentiation of these cells into mature osteoblasts as determined by Alizarin red staining ( Figure 2C ). The myeloma cells from the 4 patients who were cocultured with osteoblasts containing decorin shRNA-expressing lentivirus had an increased survival rate compared with that of unmanipulated osteoblasts or osteoblasts expressing scrambled shRNA (P Ͻ .03; Figure 2D ).
In the second approach, we neutralized decorin's effect, using decorin antibody (5 g/mL; R&D Systems). As shown in Figure  2E , this antibody completely abrogated the inhibitory effect of recombinant decorin on the growth of primary myeloma cells in coculture with osteoclasts. To test decorin's involvement in the antimyeloma effects of osteoblasts, myeloma cells from 5 patients were cocultured with osteoclasts in medium containing 50% osteoblast-conditioned medium in the presence or absence of (5 g/mL) . In this study, osteoblastconditioned medium reduced the myeloma cell survival rate (P Ͻ .002; Figure 2E ). Addition of decorin-neutralizing antibody partially but significantly blocked the antimyeloma effect of osteoblast-conditioned medium (P Ͻ .01, osteoblast-conditioned medium vs osteoblast-conditioned medium ϩ decorin antibody) ( Figure 2E ). Taken together, these results suggest that decorin is involved in the antimyeloma effects of osteoblasts.
Decorin inhibits myeloma cell growth through up-regulation of p21 WAF and induction of apoptosis
Although specific receptors for decorin and other SLRPs have not been identified, decorin has been shown to bind to and internalize known receptors, such as EGFR. 14, 20 We found that recombinant decorin was rapidly internalized by myeloma cells and intracellularly degraded within 2 hours ( Figure 3A) , suggesting that decorin directly interacts with myeloma cells. Incubation of primary myeloma cells (patient 5) with decorin (1-20 g/mL) in serum-free conditions for approximately 36 hours resulted in reduced myeloma cell survival in a dose-dependent manner ( Figure 3B ). In additional experiments, myeloma cells from 3 patients were similarly cultured in the absence or presence of decorin (10 g/mL) for approximately 36 hours and then subjected to annexin V-PI flow cytometry to detect apoptosis. The percentage of apoptotic myeloma cells was consistently increased by decorin treatment ( Figure 3C ). Because up-regulation of p21 WAF has been reported to be involved in decorin's antitumor effect, 17 we subjected myeloma cells to Western blotting and found that, as in other tumors, decorin induced up-regulation of phosphorylated p21 WAF ( Figure 3D ). These results suggest that decorin directly inhibits myeloma cell survival and growth.
To better reproduce in vivo conditions, we exploited 2 coculture systems for testing the impact of decorin on myeloma cell growth. In the first coculture system, MSCs were infected with lentivirus containing decorin or empty vector. qRT-PCR revealed a more than 45-fold increased expression level of decorin in MSCs containing decorin-expressing lentivirus compared with unmanipulated (mock) MSCs and MSCs containing empty vector-expressing lentivirus (Figure 4) . Overproduction of decorin in decorin-overexpressing MSCs was also confirmed at the protein level by immunohistochemistry ( Figure 4A ) and Western blot analysis ( Figure 4C ). Western blotting further showed that MSCs containing decorin-expressing lentivirus expressed and released decorin core protein that had no glycosaminoglycan chains ( Figure 4C ). Overexpression of decorin had no effect on the differentiation of MSCs into osteoblasts ( Figure 4D ). Myeloma cells from 6 patients cocultured with decorin-overexpressing MSCs for approximately 5 days had reduced cell viability (37% Ϯ 7%; P Ͻ .01, n ϭ 6; Figure 5A ) and a reduced growth rate (18% Ϯ 4%; P Ͻ .04, n ϭ 4; Figure 5B ), compared with empty vector-expressing MSCs.
In the second coculture system, myeloma cells were cultured alone (n ϭ 5) or cocultured with osteoclasts (n ϭ 9) in the presence or absence of decorin (10 g/mL) for 7 days. As previously demonstrated, incubation of primary myeloma cells alone resulted in a reduced survival rate, whereas coculture with osteoclasts promoted the survival of the myeloma cells (P Ͻ .005; Figure  5C ). 3 Addition of decorin to myeloma cell-osteoclast cocultures resulted in an antitumor response in 6 of the 9 experiments.
Overall, decorin reduced the growth of myeloma cells by 35% plus or minus 8% compared with control myeloma cells in coculture with osteoclasts (P Ͻ .007; Figure 5C ). Both recombinant decorin (R&D Systems) and decorin purified from bovine articular cartilage (Sigma-Aldrich, St Louis, MO) resulted in antimyeloma effects (data not shown). Moreover, decorin, as assessed by MTT indicate that osteoblasts produce and express high levels of decorin and that decorin expression and production are markedly reduced by specific shRNA (DCN shRNA). (C) Knockdown of decorin had no effect on the ability of MSCs to differentiate into osteoblasts as determined by Alizarin red staining. (D) Myeloma cells from 4 patients were cocultured with untreated osteoblasts (mock) or with osteoblasts infected with lentivirus-introduced scrambled (Scram) or decorin (DCN) shRNA for approximately 7 days, and then subjected to MTT assay. Note the higher myeloma cell growth rate after decorin knockdown in osteoblasts (P Ͻ .03, DCN shRNA vs Scram shRNA or mock). (E) Recombinant human decorin (rh-DCN) inhibited the growth of myeloma cells in coculture with osteoclasts, an effect that was completely abrogated by decorin-neutralizing antibody (DCN AB). (F) Myeloma cells from 5 patients were cocultured with osteoclasts in the presence or absence of osteoblast-conditioned medium (OB CM) and decorin-neutralizing antibody (5 g/mL) before being subjected to MTT assay. Osteoblast-conditioned medium inhibited myeloma cell growth (P Ͻ .002), an effect that was partially blocked by decorin-neutralizing antibody (P Ͻ .01, OB CM vs OB CM ϩ DCN AB). BLOOD, 1 JULY 2008 ⅐ VOLUME 112, NUMBER 1
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From assay, had no effect on the viability of mature osteoclasts, indicating that the antimyeloma effect of this SLRP was not a consequence of a reduced number of osteoclasts (data not shown). These studies suggest that decorin inhibits growth and survival of myeloma cells directly and in the presence of supporting microenvironmental cells, such as osteoclasts and MSCs.
Decorin inhibits angiogenesis and osteoclastogenesis
In our investigation of the effect of decorin on the stimulation of angiogenesis and osteoclastogenesis, 2 typical manifestations were associated with myeloma cell growth in the bone marrow. 1,2 To study decorin's effect on angiogenesis, we used the tube-formation assay of HUVECs on Matrigel and initially demonstrated decorin's ability to inhibit tube formation in medium supplemented with a cocktail of growth factors (Figure 6A ,B; see "Tube-formation assay"). Next, we demonstrated that conditioned medium from culture of myeloma cells stimulated tube formation by HUVECs (P Ͻ .01) and that decorin significantly attenuated this effect (P Ͻ .004; Figure 6A ,B).
To test whether decorin affects osteoclastogenesis, osteoclast precursors 3 were cultured in osteoclastic medium in the presence or absence of decorin for 5 to 7 days. During this incubation period, many multinucleate osteoclasts formed in control but not decorintreated cultures (Figure 6C,D) . Altogether, these experiments indicate that SLRPs such as decorin are effective inhibitors of angiogenesis and osteoclastogenesis.
Effect of bortezomib on decorin expression in donor and patient osteoblasts
Bortezomib is a novel pharmaceutical agent with promising efficacy, even in patients with relapsed refractory myeloma. 37 Recent clinical observations indicate that bortezomib significantly increases levels of markers of bone formation [38] [39] [40] and number of osteoblasts 41 in patients with myeloma. We therefore generated MSCs from 3 healthy donors and 3 patients with myeloma and differentiated these MSCs into osteoblasts in the absence or presence of bortezomib (2.5 nM) 41 for 2 weeks. Decorin expression was insignificantly higher in MSCs and osteoblasts from healthy donors than patients with myeloma ( Figure 7) .
Decorin expression was significantly increased after the differentiation of donor (P Ͻ .02) and patient (P Ͻ .01) MSCs into osteoblasts (Figure 7 ). Bortezomib slightly increased decorin expression in the differentiated osteoblasts, particularly in patient osteoblasts, for which the P value reached a nearsignificant level (P Ͻ .07). These insignificant values are probably the result of the small number of samples tested, and study is ongoing to evaluate the expression of decorin in donor and 
Discussion
This study provides the first insight into the molecular mechanisms associated with the antimyeloma effect of osteoblasts, which, as we previously showed, impede the growth of myeloma cells in a subset of patients while having no effect on or stimulating the survival of myeloma cells in other subsets of patients. 5 In this study, we demonstrate that osteoblasts, in contrast to MSCs, express and produce high levels of various SLRPs and proteoglycans. The focus in this study was the involvement of decorin in the antimyeloma effects of osteoblasts because decorin has been implicated as a tumor suppressor 18, 20, 28, 29, 42 and its expression level has been correlated with disease progression. 25, 43 We showed that blocking decorin activity with neutralizing antibody or inhibiting its expression with the use of shRNA partially but significantly reduced the inhibitory effect of osteoblasts on myeloma cell growth and survival. Moreover, recombinant decorin directly induced myeloma cell apoptosis and attenuated the stimulatory effect of osteoclasts on myeloma cells. Overexpression of decorin in MSCs lessened the ability of these cells to support myeloma cell survival. For the first time, we also showed the ability of decorin to suppress osteoclast differentiation and myeloma cell-induced tube formation by HUVECs. In accordance with our previous findings demonstrating the inhibitory effect of increased osteoblastogenesis and bone formation on myeloma progression in vivo, 5, [44] [45] [46] this study suggests that osteogenic cells exert their antitumor effect directly, as well as indirectly through modulation of the myeloma bone marrow microenvironment by the production of high levels of decorin and probably other SLRPs.
Intriguingly, myeloma cells, in contrast to normal plasma cells, did not express decorin. Furthermore, decorin expression had a tendency to be lower in myeloma patients' than in healthy donors' MSCs and the osteoblasts that were differentiated from these cells. An ongoing study using a larger number of samples will determine whether decorin expression is significantly different in MSCs and osteoblasts from normal and myeloma patients and in myeloma patients at different stages of disease. Similarly, bortezomib treatment, which has been clinically associated with increased osteoblastic activity in myeloma patients, [38] [39] [40] [41] had a tendency to increase decorin expression in osteoblasts, particularly those generated from patients with myeloma. These studies suggest that bortezomib has direct effects on myeloma cells, as well as mediating the antimyeloma The mechanisms by which decorin impedes myeloma cell growth are partially understood. We have demonstrated that decorin is internalized by myeloma cells, induces up-regulation of p21 WAF , and directly promotes apoptosis in primary CD138-selected myeloma cells, confirming similar effects in other malignancies. 17, 20, 28, 29 Decorin may mediate cellular processes by binding to and regulating the activity of a number of growth factors, including TGF-␤, 47 tumor necrosis factor ␣, 48 and platelet-derived growth factor, 49 and by binding to EGFR 14 and IGF-1R. 15 Decorin is also involved in extracellular matrix assembly through interactions with extracellular matrix proteins, including certain collagen types, [50] [51] [52] [53] fibronectin, 54 thrombospondin 1, 55 and tenascin-X. 56 The consequences of these actions and interactions may lead to inhibition or stimulation of cell adhesion, survival, proliferation, and migration, depending on the physiologic or pathologic conditions.
Intensive studies by Iozzo et al suggest that a major antitumor mechanism of decorin is mediated by binding to EGFR and induction of phosphorylation and rapid degradation of the receptor in carcinoma cells. 13, 20, 28, 29 Recent studies emphasize the role of heparin-binding EGF ligands as myeloma cell growth factors by demonstrating that the majority of primary myeloma cells (but not myeloma cell lines) express EGFR and respond to growth stimulation by heparin-binding EGF ligands through autocrine and paracrine mechanisms. 57, 58 Whether the antimyeloma effect of decorin is also mediated via inhibition of EGF signaling is a matter for future studies. We speculate that the heterogeneous response of myeloma cells to decorin and/or osteoblasts may depend on properties of the myeloma cells, including level of dependency on the bone marrow microenvironment, proliferation rate, and cytogenetic abnormalities. Indeed, the majority of transformed myeloma cell lines do not respond to decorin (data not shown). This suggests that decorin or osteoblasts have an impact on myeloma cells that are highly bone marrow-dependent and thus likely to be susceptible to growth inhibition by drugs that interfere with the myeloma cell-microenvironment interaction, prevent bone disease, or stimulate bone formation.
Decorin's only partial involvement in the antimyeloma effects of osteoblasts in this study suggests that additional factors mediate these effects. Other SLRPs produced by osteoblasts, such as lumican 21, 22 and biglycan, 23 have been associated with antitumor activity. Bone morphogenetic proteins, also produced by osteoblasts, have been shown to inhibit myeloma cell growth. [59] [60] [61] Our unpublished data (S.Y., January 2007) show that osteoblasts produce high levels of various fibulins, some of which are known to inhibit angiogenesis and tumorigenesis. 62 Secretion of certain collagens, such as XVIII, IVA1, and IVA2, by osteoblasts during bone formation may lead to the production of antiangiogenic and antitumorigenic fragments, such as endostatin, arresten, and canstatin. 63, 64 It is noteworthy, however, that mesenchymal osteoblasts, particularly immature osteoblasts, also secrete various cytokines and adhesion molecules recognized as myeloma cell growth factors, such as interleukin-6 and osteopontin. [65] [66] [67] [68] [69] Thus, the inhibitory or stimulatory effects of osteoblastogenesis on myeloma cells may be influenced by the differentiation stage of osteoblasts and the balance between growth and inhibitory factors produced by osteoblasts in the bone marrow milieu or cocultures, as well as by the susceptibility of myeloma cells to growth modulation by these factors. Additional studies are required to elucidate the molecular mechanisms associated with myeloma cellosteoblast interactions.
Our findings suggest that decorin may affect myeloma cell growth indirectly by controlling angiogenesis and osteoclastogenesis. Decorin has previously been shown to inhibit tumor angiogenesis 30 and tube formation, 31 although other work has proposed an important role for decorin in wound healing. 70 These studies suggest that decorin's effects on microvasculature depend on specific physiologic and pathologic conditions. The effect of decorin on osteoclast formation has not been reported. Mice deficient in SLRPs often develop osteoporosis because of impaired bone formation rather than increased osteoclast activity. 12 Bone-building osteoblasts have been shown to produce a high level of osteoprotegerin, known to inhibit osteoclastogenesis, 71, 72 and other antiosteoclastogenic factors, such the ephrin receptor EphB4. 73 It is therefore not unexpected that certain SLRPs may help control osteoclastogenesis during the process of bone formation.
In conclusion, we have demonstrated that SLRPs such as decorin are involved in the antimyeloma effects of osteoblasts through direct mechanisms, as well as indirectly by interfering with the stimulatory effects of osteoclasts and MSCs on myeloma cell growth and by inhibiting myeloma-induced angiogenesis and osteoclastogenesis. This study suggests that increased osteoblastic activity and bone formation may help control myeloma by increasing levels of antitumor factors in myelomatous bone marrow, including certain SLRPs and other as-yet-unidentified factors produced by osteoblasts.
